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Abstract
Typical engineering metals exhibit a change of the failure mechanism with decreasing temperature. In the range of room tem-
perature a ductile mechanism is observed. Thereby, voids nucleate, grow by plastic deformations of the surrounding matrix and
ﬁnally the voids coalesce. In contrast in the low temperature regime, cleavage failure occurs, a mechanism which is associated
with macroscopically brittle behavior.
In the present study the crack initiation and propagation is investigated in the ductile-brittle transition region by means of a
microscopic model. The voids in the process zone in front of the crack tip are resolved discretely. Possible void growth in the
surrounding plastic zone, which may induce an important shielding eﬀect, is taken into account in a homogenized way by means of
the GTN-model. In contrast to comparable studies in the literature not only cleavage crack initiation is addressed but the material
degradation by the cleavage mechanism is incorporated explicitly by means of a cohesive zone model. The limit case of small-
scale yielding is investigated. This model allows to simulate all stages of crack initiation and propagation at all temperatures. A
systematic study of the eﬀects of the model parameters is performed.
© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
The ductile-brittle transition is a highly relevant topic in many engineering applications. At temperatures in the
range of room temperatures most engineering metals fail by a ductile mechanism: voids nucleate at inclusions or
second phase particles, grow by plastic deformations and coalesce ﬁnally. Due to the necessary plastic deformations
this mechanism results in a high macroscopic fracture toughness. In contrast, at low temperatures many engineering
metals fail brittlely. With decreasing temperature the mobility of dislocations decreases leading to an increasing yield
stress. At some point the local stress reaches a critical level whereupon grains with favorably oriented crystallographic
planes cleave. Mostly, a cleavage microcrack initiates at hard second phase particles like carbides in steels, see Fig. 1.
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The cleavage mechanism dissipates considerable less energy than the ductile one thus leading to a macroscopically
Fig. 1: Competing cleavage and ductile failure
(Dzioba et al., 2010)
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Fig. 2: Semi-inﬁnite crack under mode-I-loading with
discrete microstructure and cohesive zone
brittle behavior. In the ductile-brittle transition region both mechanisms compete as can be seen in Fig. 1.
Due to the big relevance in engineering applications large research eﬀort has been dedicated to the ductile-brittle
transition. On the macroscopic level Beremin-type models (Beremin, 1983) are established for evaluating possible
cleavage failure. They are based on the weakest-link assumption, i.e. cleavage initiation is assumed to coincide
with complete failure of the structure. However, only few studies in the literature deal with the micromechanical
simulation of the mechanism and resolve the microstructure in a model. At this level local softening associated with
cleavage initiation has to be incorporated in the model. Faleskog and co-workers (Kroon and Faleskog, 2008; Stec and
Faleskog, 2009a,b; Kroon and Faleskog, 2005) and Hardenacke et al. (2012) resolved the microstructure in terms of
discrete particles and grain boundaries in cell model simulations, i.e. under homogeneous loading conditions. In these
studies cleavage was modeled by cohesive zones. This approach addresses two relevant features: ﬁrstly softening due
to cleavage initiates when a critical level of the local stress is reached, the cohesive strength. Secondly, the cohesive
work of separation models the energy required to separate the cleavage planes thus accounting for the cleavage fracture
toughness. However, the cell models used in (Kroon and Faleskog, 2008; Stec and Faleskog, 2009a,b; Kroon and
Faleskog, 2005; Hardenacke et al., 2012) do not represent the highly inhomogeneous loading conditions in front
of a crack tip. In order to investigate the failure mechanism during crack initiation and propagation in the ductile-
brittle transition region the interaction with the crack tip has to be incorporated. Therefore, in the present study the
microstructure in the process zone at the crack tip is resolved discretely with cleavage modeled by cohesive zones.
2. Model
As in several studies in the literature (e.g. (Aoki et al., 1984; Aravas and McMeeking, 1985; Tvergaard and Hutchin-
son, 2002; Kim et al., 2003; Petti and Dodds, 2005)) a priori existing voids of distance X0 are resolved discretely in the
process zone at the crack tip. A plain model with circular and regularly arranged voids is employed. The matrix mate-
rial between the voids is described by classical Mises plasticity. Preceding studies of purely ductile crack propagation
(Hütter et al., 2012, 2013) showed that the void growth in the plastic zone, although possibly weak in magnitude,
may shield the process zone and has to be taken into account. For this reason several layers of discrete voids are
incorporated in the model. In the surrounding region possible void growth is taken into account in a homogenized
way by means of the Gurson model (Gurson, 1977) in the modiﬁcation by Tvergaard and Needleman (GTN-model)
(Tvergaard, 1982; Tvergaard and Needleman, 1984). Cleavage between the voids is modeled by a cohesive zone for
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the reasons given in the preceding section. The limiting case of a semi-inﬁnite crack under pure mode I plane strain
loading is investigated implying small-scale yielding conditions. Thus, the far-ﬁeld is uniquely deﬁned by the stress
intensity factor KI and the J-integral corresponds to the far-ﬁeld energy-release rate J = K
2
I
/E′ where E′ denotes
Young’s modulus under plane strain. The model is shown schematically in Fig. 2. In general, crack propagation by
cleavage may become unstable. For this reason inertia eﬀects have to be incorporated in the model. However, in
order to avoid eﬀects of wave reﬂections etc., the load is applied quasi-statically. This means that it has to be ensured
that the time which elastic waves need to pass characteristic distances of the problem has to be small compared to
the time scale of loading. In the simulations the mass density is chosen correspondingly for a given rate of loading,
see (Hütter et al., 2011). An exponential traction-separation law according to Xu and Needleman (1993) is employed
for the cohesive zone as depicted in Fig. 3. The cohesive strength is denoted as σc and Γ0 refers to the cohesive
work of separation as area under the traction separation law. The isotropic hardening of the matrix material, i.e. the
dependence of the matrix yield stress σ¯ on the equivalent plastic strain ε¯, is described as in many of the cited studies
with a one-parametric power law given implicitly by
σ¯
σ0
=
(
σ¯
σ0
+
E
σ0
ε¯
)N
. (1)
Therein,σ0 and N denote the initial yield stress and the hardening exponent, respectively. In the following simulations
the ratio of Young’s modulus and initial yield stress is ﬁxed to σ0/E = 0.003 and the hardening is speciﬁed with
N = 0.1. Poisson’s ratio is set to ν = 0.3. These values are representative for intermediate strength engineering metals
and have been employed in many of the cited studies. In the homogenized region outside the process zone the elastic
constants Eeﬀ and νeﬀ represent eﬀective values. A void volume fraction f0 = 0.014 is investigated corresponding
to a ratio of void radius to distance of R0/X0 = 1/15. Then the eﬀective (i.e. homogenized) elastic properties are
Eeﬀ = 0.972 E and νeﬀ = 0.298 (Hütter et al., 2012).
δ
t
σc
Γ0
Fig. 3: Exponential cohesive law Fig. 4: Mesh in the process zone with cohesive elements
Furthermore, values for the cohesive parameters σc and Γ0 have to be speciﬁed for the cleavage mechanism. The
cohesive strength σc, i.e. the cleavage fracture stress, is not ﬁxed but is varied in a parameter study relative to the
yield stress σ0 of the matrix material. The ratio σc/σ0 is relevant for the active damage mechanism. If this ratio
is low, softening in the cohesive zone, i.e. cleavage, precedes plastic deformations and the behavior is completely
brittle. In contrast, for high values σc/σ0 the matrix has to be strongly deformed plastically until the work hardening
of the matrix material leads to the high stress level σc. In this case the ligaments between the voids will soften
geometrically after their plastic collapse only due to the reduction of their cross section during the severe plastic
deformations. This corresponds to ductile failure. Thus, the ductile-brittle transition is determined by the ratio σc/σ0.
In typical engineering metals the yield stress increases considerably with decreasing temperature. In contrast, the
cleavage fracture stress does depend only weakly on the temperature (Knott, 1973). Thus, σc/σ0 increases with the
temperature and the transition to brittle failure with decreasing temperature is mainly driven by the increasing yield
stress. If not stated otherwise a cohesive work of separation of Γ0 = 0.1σ0X0 is considered.
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In order to extract ﬁnally crack growth resistance curves, an appropriate measure of crack growth Δa needs to be
deﬁned, which accounts both for crack propagation by ductile and/or cleavage failure. In this context it needs to be
mentioned that with the present model the intervoid ligaments will fail ﬁnally always by softening in the cohesive
zone. The reason is that in the ductile regime the intervoid ligaments undergo arbitrary straining. Since the hardening
of the matrix material given by Eq. (1) does not saturate (as e.g. with a Voce-law), arbitrary large true stresses could
be reached in the intervoid ligaments. The eﬀect of the hardening is compensated at some point by the geometric
softening as discussed already. Since the cohesive law is formulated with respect to the true stress, the cohesive
strength is reached inevitably at some point and the softening branch of the cohesive law is reached even in or near
the ductile regime. The diﬀerence between crack propagation due to cleavage or void coalescence is thus, whether the
softening in the cohesive zone is preceded by geometric softening of the intervoid ligaments or not. For this reason
it is not reasonable to deﬁne Δa over the amount of cohesive damage or the location thereof. Rather, the amount of
crack growth Δa is deﬁned as the distance from the initial crack tip to the center of the currently active softening zone,
see (Hütter et al., 2012, 2014). Furthermore the fracture initiation toughness Jc has to be deﬁned. Before cleavage
initiation the crack tip blunts leading to a linear interrelationship between crack tip opening displacement (CTOD)
and the far-ﬁeld J-integral value. We follow Gu (2000) and deﬁne a kink in the CTOD-J-curve as derivation from the
linear blunting characteristic as fracture initiation with the corresponding Jc.
The described boundary value problem is solved numerically by means of the commercial FEM code Abaqus
Standard. In the FEM implementation a ﬁnite region has to be meshed whose size A0 is large compared to the
maximum extent of the plastic zone (boundary layer model). In the present study a semi-circular region of radius
A0 = 100, 000 X0 is meshed with elements with quadratic shape functions. A typical mesh of the crack tip region is
shown in Fig. 4. The cohesive elements are implemented as user-deﬁned elements via the UEL interface of Abaqus
(Roth and Kuna, 2013). The cohesive elements do not have a geometrical thickness but are inserted in Fig. 4 only
for illustration purposes. For symmetry reasons only a half model has to be meshed. Due to the cohesive zone and
the purely geometric softening during the ductile mechanism the boundary value problem is well-posed and a mesh-
independent solution is reached asymptotically with decreasing element size. The element sizes in the ligaments
between the voids are chosen correspondingly, see Fig. 4.
3. Results
The deformed state of the voids in the process zone is shown in Fig. 5 at diﬀerent stages of loading. The ratio
of cohesive strength to initial yield stress is σc/σ0 = 4.3, a value that is representative for the upper ductile-brittle
transition region. As expected the crack tip blunts and the voids grow in the initial stage (Fig. 5a) before the normal
stress reaches the cohesive strength σc in the ﬁrst intervoid ligament, which gets ﬁnally separated. Figures 5b and 5c
indicate that the separation does not initiate at the ligament surface where the largest plastic deformations occur but in
the center of the respective intervoid ligament, so that the decohesion at the surface is the ﬁnal step. Correspondingly,
the fracture surface of the intervoid ligament exhibits a concave shape.
Extracted values of the fracture initiation toughness Jc are plotted in Fig. 6 against the ratio of cohesive strength
and yield stress. This ratio is directly related to the temperature as explained above. The curves show the S-shape
which is well-known from experiments. For low values of σc/σ0 the matrix material behaves purely elastically and
the Jc is determined by the cohesive work of separation Γ0. In contrast, for high values σc/σ0  4.0 the purely
ductile case is reached asymptotically. In the intermediate regime both mechanisms compete and the contribution of
the plastic dissipation to the fracture toughness Jc increases with σc/σ0. The diﬀerence between the lower shelf with
pure cleavage failure and the ductile upper shelf is governed by the ratio Γ0/(σ0X0). The smaller Γ0/(σ0X0) is (i.e.
the larger the void distance X0 is compared to the intrinsic length scale Γ0/σ0 of the matrix material), the larger is the
diﬀerence between fracture toughnesses of cleavage and purely ductile regimes as the curves in Fig. 6 indicate.
Fig. 7 shows corresponding crack growth resistance curves (R-curves). Forσc/σ0 = 2.8 the crack growth resistance
is determined by the cohesive work of separation only. In the lower ductile-brittle transition region (σc/σ0 = 3.2 and
σc/σ0 = 3.5), the ligaments between the voids rupture abruptly one after another leading to steps in the R-curves
(void-by-void mechanism). With further increasing values of σc/σ0, the plastic deformations increase. Thus, the
active process zone becomes wider leading to smooth R-curves (multiple-void mechanism).
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b)
c)
Fig. 5: Deformed conﬁgurations for σc/σ0 = 4.3 (a) in the initial region J = 0.50σ0X0 and during ligament decohe-
sion: (b) J = 0.79σ0X0, (c) J = 0.94σ0X0
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Fig. 6: Inﬂuence of cohesive strength on fracture ini-
tiation toughness
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Fig. 7: Crack resistance curves for several values of the
cohesive strength
Regarding the tearing behavior it is remarkable that the R-curve for σc/σ0 = 3.5 in the ductile-brittle transition
region exhibits strong tearing despite the still relatively low fracture initiation toughness. The initial tearing modulus,
i.e. the slope of the R-curve at crack initiation, even exceeds the one of the curve for ideal ductile matrix material
σc/σ0 → ∞ (taken from Hütter et al. (2012)) considerably. This trend continues in the upper ductile-brittle transition
region σc/σ0 = 4.1 . . .4.6 and makes the respective R-curves even outrun the ideal ductile one after some amount
of crack growth Δa. Finally, the steady-state regime (Δa/X0  15 . . .20) of the ideal ductile curve σc/σ0 → ∞ is
reached asymptotically not from below but from above. Thus, the present model predicts a toughening in the upper
ductile-brittle transition region due to cleavage. Regarding experimental experience, this prediction is questionable.
The reason for this predicted behavior is the transition from the multiple-void mechanism for a to the void-by-void
mechanism. The latter leads to a strong tearing as found by Tvergaard and Hutchinson (2002) and explained in
Hütter et al. (2014) based on the analytical near-ﬁeld solution of Rice, Drugan and Sham (1980). However, it has to be
assumed that the present 2D model (corresponding to cylindrical voids) overestimates the void-by-voidmechanism for
the following reason: In the 2D model each intervoid ligament has to be deformed anewly until the work hardening
makes the stresses to reach the cohesive strength. In contrast, in a more realistic 3D model with spherical voids a
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cleavage crack front may form and propagate continuously through the matrix. Corresponding 3D simulations are
under way and the authors look forward to be able to present ﬁrst results at ECF 20.
Acknowledgements
The present study was performed within the thesis (Hütter, 2013) funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under contract KU 929/14-1. Furthermore, the ﬁnancial support by the DFG for
the computing facilities under contract INST 267/81-1 FUGG is gratefully acknowledged. The authors thank Stephan
Roth for providing his cohesive zone implementation for the Abaqus interface UEL.
References
Aoki, S., Kishimoto, K., Takeya, A., Sakata, M., 1984. Eﬀects of microvoids on crack blunting and initiation in ductile materials. Int. J. Fracture.
24, 267–278.
Aravas, N., McMeeking, R.M., 1985. Finite element analysis of void growth near a blunting crack tip. J. Mech. Phys. Solids. 33, 25–49.
Beremin, F.M., 1983. A local criterion for cleavage fracture of a nuclear pressure vessel steel. Metall. Mater. Trans. A. 14A, 2277–2287.
Dzioba, I., Gajewski, M., Neimitz, A., 2010. Studies of fracture processes in Cr-Mo-V ferritic steel with various types of microstructures. Int. J.
Pres. Ves. Pip. 87, 575–586.
Gu, I., 2000. Finite element analyses of deformation around holes near a crack tip and their implications to the J-resistance curve. Fatigue. Fract.
Eng. M. 23, 943–952.
Gurson, A.L., 1977. Continuum theory of ductile rupture by void nucleation and growth: Part I – yield criteria and ﬂow rules for porous ductile
media. J. Eng. Mater-T. Asme. 99, 2–15.
Hardenacke, V., Hohe, J., Friedmann, V., Siegele, D., 2012. Enhancement of local approach models for assessment of cleavage fracture considering
micromechanical aspects, in: Proceedings of the 19th European Conference on Fracture.
Hütter, G., 2013. Multi-Scale Simulation of Crack Propagation in the Ductile-Brittle Transition Region. Dissertation. TU Bergakademie Freiberg.
Hütter, G., Mühlich, U., Kuna, M., 2011. Simulation of local instabilities during crack propagation in the ductile-brittle transition region. Eur. J.
Mech. A-Solid. 30, 195–203.
Hütter, G., Zybell, L., Kuna, M., 2014. Size eﬀects due to secondary voids during ductile crack propagation. Int. J. Solids. Struct. 51, 839—-847.
Hütter, G., Zybell, L., Mühlich, U., Kuna, M., 2012. Ductile crack propagation by plastic collapse of the intervoid ligaments. Int. J. Fracture. 176,
81–96.
Hütter, G., Zybell, L., Mühlich, U., Kuna, M., 2013. Consistent simulation of ductile crack propagation with discrete 3d voids. Comp. Mater. Sci.
80, 61–70.
Kim, J., Gao, X., Srivatsan, T.S., 2003. Modeling of crack growth in ductile solids: a three-dimensional analysis. Int. J. Solids. Struct. 40,
7357–7374.
Knott, J.F., 1973. Fundamentals of Fracture Mechanics. Butterworths, London – Boston.
Kroon, M., Faleskog, J., 2005. Micromechanics of cleavage fracture initiation in ferritic steels by carbide cracking. J. Mech. Phys. Solids. 53,
171–196.
Kroon, M., Faleskog, J., 2008. Inﬂuence of crack deﬂection into the carbide/ferrite interface on cleavage fracture initiation in ferritic steels. Mech.
Mater. 40, 695–707.
Petti, J.P., Dodds, Jr., R.H., 2005. Ductile tearing and discrete void eﬀects on cleavage fracture under small-scale yielding conditions. Int. J. Solids.
Struct. 42, 3655–3676.
Rice, J., Drugan, W., Sham, T., 1980. Elastic-plastic analysis of growing cracks., in: ASTM STP, pp. 189–221.
Roth, S., Kuna, M., 2013. Finite element analyses of fatigue crack growth under small scale yielding conditions modelled with a cyclic cohesive
zone approach, in: Oñate, E., Owen, D.R.J., Peric, D., Suárez, B. (Eds.), Proceedings of the XII International Conference on Computational
Plasticity.
Stec, M., Faleskog, J., 2009a. Inﬂuence of grain size on arrest of a dynamically propagating cleavage crack in ferritic steels–micromechanics. Int.
J. Fracture. 158, 51–71.
Stec, M., Faleskog, J., 2009b. Micromechanical modeling of grain boundary resistance to cleavage crack propagation in ferritic steels. Int. J.
Fracture. 160, 151–167.
Tvergaard, V., 1982. On localization in ductile materials containing spherical voids. Int. J. Fracture. 18, 237–252.
Tvergaard, V., Hutchinson, J.W., 2002. Two mechanisms of ductile fracture: void by void growth versus multiple void interaction. Int. J. Solids.
Struct. 39, 3581–3597.
Tvergaard, V., Needleman, A., 1984. Analysis of the cup-cone fracture in a round tensile bar. Acta. Metall. Mater. 32, 157–169.
Xu, X.P., Needleman, A., 1993. Void nucleation by inclusion debonding in a crystal matrix. Model. Simul. Mater. Sc. 1, 111–132.
